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Let us assume that especially at flat bottom, it is possible to have the worst
parasitics lie between coupled bunch modes. Define the coupled bunch mode
index: n ≡ ωpara/ωrev. For Q  n, the impedance at the coupled bunch





























where B0 = bunch length / machine length and Fm is a form factor first
defined by Sacherer (PAC77, p. 1393). This is worst for a parasitic which
makes roughly between one half and one oscillation during the passage of
one bunch (i.e. nB0 ≈ 0.75), driving m = 1, in which case F1 = 0.55. Using
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and the resonant frequency for this ‘worst’ parasitic is 12 MHz (n = 0.75/B0 =
40). Even in this worst case, with 20 cavities and Rs/Q = 40 Ω per cavity,
∆ω1/ωs ∼ 0.05. This is to be compared with the shift needed to move the
dipole mode outside the space-charge-shifted incoherent band. Since this
is 0.11, it appears safe. For larger n, the impedance is larger according to
eqn. 1, but F falls at least as fast as n. Moreover, larger n would drive higher
m, which Landau damp more easily.
So it appears that careful cavity construction and tuning of parasitic
modes would allow stable operation at flat bottom. On the other hand,
if parasitics are tuned unfortunately to coupled bunch modes, the ∆ωm/ωs
would be larger by a factor Q/n which is on the order of 100, leading to
growth rates which are large compared with the synchrotron frequency: as
large as 105/s.
2 Accelerate through Resonances?
The parasitics will inevitably coincide with coupled bunch modes during ac-
celeration. However, in this case as well, the overall growth of the instability























for the most unfortunate frequency (n ≈ 40). This is on the order of 8 e-
foldings for 20 resonators at Rs/Q = 40 Ω each at times early in the cycle
when β˙ ≈ 4/s, and similarly later where the effect of a decreasing synchrotron
frequency is offset by decreasing β˙. This is dangerously high, and indicates
the advantage of reducing both the number of cavities to the lowest possible
and reducing Rs/Q. Nevertheless, damping loops are probably inevitable.
With undamped parasitics, the growth rates will be in the 104 to 105/s range,
so there is a tradeoff between active damping power and passive damping
dissipation. Passive damping by a factor of about 100 has the additional
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benefit that there would no longer be a need to worry about tuning the
parasitic resonant frequencies in relation to the coupled bunch modes at flat
bottom.
3 Near Flat Top
It is a characteristic of synchrotrons which stay below transition that the
bunches shorten dramatically during acceleration. In the present case, they
are one tenth as long at top energy as at bottom. For the application as
a proton driver for the neutrino factory, this has the advantage that the
requisite short bunch length as achieved with no bunch rotation. However,
because of the B−20 dependence in eqn. 2, this makes the situation quite
unstable for quite a large fraction of the acceleration ramp near top energy.






this time for a worst resonant frequency of around 150 MHz (n ≈ 500). This
assumes V = 3.7 MV, I = 6 A. A total Rs/Q of 800 Ω gives ∆ω1/ωs ∼ 2,
which is well into the mode-coupling regime. One can calculate 1/τ/ωs from
coasting beam theory and a purely imaginary impedance gives a result which
is twice the square root of ∆ω1/ωs as calculated above. The corresponding
growth rate is around 2000/s, so a time interval of 2 ms represents 4 e-foldings.
The RCS is in this short-bunch, low synchrotron frequency phase for the
last 10 ms before extraction. It is of interest to compare with a machine
with a natural γt of around 10. In that case, the bunches become similarly
unstable during passage through transition, but only fleetingly for less than
2 ms. See Fig. 1 where the quantity (B2f cosφs)
−1 is plotted versus time. For
simplicity we have assumed a constant rf voltage of 3.7 MV; then 1/τ/ωs
for the worst choice of parasitic resonator frequency is proportional to this
factor. A third case has also been plotted, namely with γt = 30i. This is a
factor of 4 better than γt = 30, but of course the bunches are a factor of 2
longer than desired for muon production.
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Figure 1: The ordinate is a parameter proportional to the growth rate of the
coupled bunch mode driven by a parasitic resonance at the worst possible
frequency, divided by the synchrotron frequency. The 3 curves are for 3
different choices of γt. Final bunch lengths for γt = 30, 10, 30i are resp. 1 ns,
3 ns, and 2 ns.
4 Conclusion
The 25 GeV RCS with ∼ 20 - 10 MHz cavities can not accelerate 6 A circu-
lating current without active damping of the coupled bunch modes. Passive
damping up to a factor 100 can alleviate the power of the active damping
system somewhat. There is great benefit in striving for the highest gradient
rf cavities with the lowest Rs/Q possible.
Another way of making the machine more stable is to reduce the momen-
tum compaction factor and even to make it negative. This would require an
rf technique to compress the bunch at top energy.
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5 Parameters used
Rise time = 45 ms, with a magnet ramp that includes a second harmonic
in order to reduce tuning speed. Circumference = 952.3 m, RF harmonic
no. h = 32, γt = 30.2, inductive wall impedance Z/n = 2.0j Ω, number of
particles per bunch = 0.150× 1014, Qx = 10.20, Qz = 14.30.
Table 1: Parameters in the table below were generated using the code RAMA (TRIUMF
internal note TRI-DN-86-15). This code assumes the longitudinal distribution is Hofmann-
Pedersen (parabolic line density for short bunches). Bf is the bunching factor (avg./peak)
in one bucket: to find B0 (bunch length / machine length), multiply by 3/(2h). pf is
the fraction of bucket height occupied by the bunch. Qs is the incoherent synchrotron






kb are resp. the
incoherent synchrotron frequency of the particle with zero synchrotron amplitude, the
coherent dipole mode frequency, and the incoherent synchrotron frequency of the particle
with maximum synchrotron amplitude, each in units of the unperturbed, zero amplitude
synchrotron frequency. jZ/n represents the total reactive impedance; space charge plus
inductive wall.
T frf Vrf φs Bf pf δp/p Qs jZ/n







2.20 9.61 926. 0.0 .396 .841 0.70 .0116 0.962 .822 0.716 53.
2.42 9.67 1619. 12.0 .326 .842 0.80 .0137 0.967 .873 0.784 47.
3.17 9.81 1950. 23.2 .271 .841 0.78 .0106 0.964 .898 0.801 32.
4.61 9.93 2264. 36.0 .214 .840 0.72 .0066 0.960 .916 0.806 18.
6.92 10.00 2655. 47.9 .165 .839 0.65 .0037 0.955 .926 0.805 9.
10.12 10.04 3026. 57.1 .127 .838 0.60 .0021 0.953 .931 0.804 4.
13.98 10.05 3300. 60.3 .097 .716 0.59 .0012 0.961 .954 0.867 2.
18.03 10.06 3450. 53.7 .070 .436 0.64 .0008 0.985 .984 0.956 0.
21.63 10.07 3550. 38.7 .050 .228 0.76 .0006 1.032 .995 1.025 0.
24.11 10.07 3600. 20.0 .037 .131 0.92 .0005 1.116 .998 1.113 -1.
25.00 10.07 3700. 0.0 .032 .089 1.03 .0005 1.185 .999 1.184 -1.
